BACKGROUND/OBJECTIVES: To evaluate nutritional interventions in preterm infants, a simple, accurate assessment of the type of growth, that is, change in body composition through the relative contributions of lean body tissue and fat mass to weight gain, is needed. Bioelectrical impedance may provide such a method. The aim of this study was to develop resistivity coefficients appropriate for use in bioelectrical impedance spectroscopy (BIS) analysis of body water volumes in preterm infants. SUBJECTS/METHODS: A total of 99 preterm infants were enrolled (mean gestational age 32 completed weeks). Total body water (TBW) and extracellular water (ECW) were determined using the reference methods of deuterium and bromide dilution. BIS measurements taken at the same time allowed calculation of resistivity coefficients. Predictions of TBW and ECW obtained using these coefficients were then validated against volumes determined using the reference methods in a separate cohort of infants. RESULTS: Data were available for 91 preterm infants. BIS-predicted TBW and ECW correlated well with the measured volumes (Pearson's r p ¼ 0.825 and 0.75, respectively). There was a small bias (TBW 10 ml and ECW 40 ml) but large limits of agreement (TBW±650 ml and ECW ±360 ml). CONCLUSIONS: BIS appears to have limited clinical utility; however, the relatively small bias means that it may be useful for measurements within a population or for comparisons between groups in which population means rather than individual values are compared.
INTRODUCTION
The increased survival of preterm infants creates a new challenge in meeting their nutritional needs without harm. Preterm infants are difficult to feed and growth failure is common, placing them at risk of poor neurodevelopment. [1] [2] [3] Paradoxically, rapid weight gain may be a contributing factor to poorer metabolic and cardiovascular health in adult life. 4 To fully evaluate nutritional interventions, accurate assessment of the type of growth, that is, change in body composition through the relative contributions of lean body tissue and fat mass to weight gain, is needed. 5 This has been lacking in nutritional research in preterm infants.
Although simple anthropometric measurements, such as weight, length and head circumference, provide basic measures of growth, a safe, practical, portable, cot-side test of body composition would represent a significant advancement in the ability to determine more accurately the effects of nutritional interventions on preterm infants. Bioelectrical impedance analysis may provide such a method.
Bioelectrical impedance analysis is widely used for the assessment of body composition in children and adults. 6, 7 The basis is the measurement of the impedance or opposition by the body to the passage of a weak alternating electrical current at a fixed frequency, typically 50 kHz, through the body. The measured impedance is directly and inversely related to the volume of the conductor through which the current flows. In the human body, the conductive volume is the body water, and hence the measured impedance provides a measure of body water volume. As body water is almost exclusively located in the lean tissues, total body water (TBW) volume may be used to estimate the fat-free mass (FFM). 8, 9 Impedance analysis is well suited to the preterm infant, as the equipment is portable and the measurement is non-invasive. It can be performed without the infant leaving the cot and does not require the removal of supportive ventilation or monitoring leads.
The estimation of TBW, and hence FFM, from impedance values most commonly uses empirically derived population-specific equations (for example, Montagnese et al. 10 and Nielsen et al. 10 ). An alternative approach is to predict TBW using the Hanai mixture theory 11 from impedance data collected over a range of current frequencies, a procedure known as bioelectrical impedance spectroscopy (BIS). 12 BIS is purported to predict body water volumes more accurately than empirical equation-based methods 11 and has the advantage of being able to predict not only TBW but also its sub-compartments extracellular water (ECW) and intracellular water (ICW). [11] [12] [13] Although not using empirically derived prediction equations, the prediction of body water volumes by mixture theory modelling incorporates resistivity coefficients representing the apparent resistivities of the ECW and ICW. Although resistivity coefficients have been determined in a number of studies in adults, 14, 15 it is recognised that these may 1 not be universally applicable and coefficients appropriate for the population under study are required, for example, during pregnancy 16 or in children. 17, 18 Furthermore, a modelling study has demonstrated the sensitivity of mixture theory to prediction errors by the use of inappropriate coefficients. 19 The aim of this study was to develop resistivity coefficients appropriate for use in BIS analysis of body water volumes in preterm infants. The reference methods of deuterium and bromide dilution 20 were used to measure TBW and ECW, respectively, simultaneously with BIS measurements, allowing the calculation of resistivity coefficients. Predictions of TBW and ECW obtained using these coefficients were then validated against volumes determined using the reference methods in a separate cohort of infants.
MATERIALS AND METHODS Participants
Infants were recruited from the neonatal units of the Women's and Children's Hospital and Flinders Medical Centre, Adelaide, Australia, after receiving parental written consent. Infants were eligible for inclusion if they were clinically stable, defined as 47 days of age, self-ventilating, receiving enteral feeds at X120 ml/kg per day; no antibiotics, diuretics or parenteral nutrition. The study was approved by the Human Research Ethics committees of the Children, Youth and Women's Health Service and Flinders Medical Centre.
Study protocol
Tracer dilution. A standardised protocol, similar to that used previously in adults, 21 was followed. A baseline venous blood sample (0.5 ml) was obtained by heel prick or venepuncture. A body weight-related dose of a solution of deuterium oxide (D 2 O) and sodium bromide (NaBr) was administered, via a nasogastric tube, followed by a medically prescribed volume of milk or formula, thereby flushing the tube. The dose rate was 1.0 ml D 2 O per kg body weight and 1.5 mmol bromide per kg body weight dissolved in the D 2 O. The D 2 O was of 99.9% purity (Cambridge Isotope laboratories, Andover, MA, USA) and the NaBr was of 99.8% purity (Sigma, St Louis, MO, USA). All solutions were prepared gravimetrically to the nearest 0.001 g by the hospital pharmacies. At Flinders Medical Centre, the stock solution was transferred by aseptic technique and sterile membrane filtration into 5-ml syringes and refrigerated. At the Women's and Children's Hospital, the D 2 O was frozen in 5-ml syringes and added to the NaBr at the time of administration. The dosing syringe was weighed to the nearest 0.001 g, containing the approximate weight of dosing solution, and re-weighed after administration to determine the exact amount to the nearest 0.001 g of solution administered. Careful note was taken of any loss of tracer through spillage or regurgitation. Infants remained under usual clinical care. Feeds were continued if on continuous feeds; otherwise, the next feed was given after the 3-h equilibration period. At 3 h post tracer administration, a second blood sample of 0.5 ml was taken. Blood samples were drawn into dry heparanised tubes (lithium heparin microtainers with no gel separator) and centrifuged at 1500 g for 5 min at room temperature to separate the plasma and red blood cells as soon as possible after collection. Aliquots of plasma were stored at À 20 1C to await analysis.
BIS measurements
Whole-body BIS measurements were performed immediately before administration of the D 2 O NaBr solution as described previously 22 using an ImpediMed SFB7 impedance spectrometer (ImpediMed, Brisbane, Queensland, Australia). The SFB7 is a single-channel, tetra-polar bioimpedance spectroscopy device that measures the components of impedance (Z), resistance (R) and reactance (Xc) at 256 frequencies between 4 and 1000 kHz. Instrument calibration was checked according to the manufacturer's instructions, using the provided test cell, each day. Single-tab Ag-AgCl adhesive gel electrodes, cut in half lengthwise (ImpediMed), were placed on the left side of the body, with the infant in supine position. The voltage (sense) electrodes were placed so that the distal edge of the electrode was lying along the skin crease on the dorsal surface of the wrist and the ankle at the level of the styloid process and medial malleolus, respectively. 22 Current source electrodes were placed on the palmer surface of the hand and plantar surface of the foot at the distal ends of the metacarpals and metatarsals, respectively. 22 To prevent a potential short circuit of the electrical pathway, care was taken to ensure that there was no contact between the skin of the limbs of the infant and other parts of the infant's body or the skin of the attending parent or investigator. If required, a rolled cloth nappy was placed between the legs to prevent skin-to-skin contact. A minimum of 10 impedance readings were taken at 1-s intervals using the automated repeat reading mode of the instrument. The infant was observed during this time to ensure that there was no movement, that there was no skin to skin contact and that leads remained connected. On occasions, infants required minimal restraint to prevent limb movement, in which case the operator used a gloved hand or cloth nappy to ensure that there was no direct skin contact between the operator and infant. If this occurred or if movement was apparent, BIS readings were repeated until recordings were obtained while the infant was in the most quiescent state attainable. Acceptability of the data was confirmed by inspecting the Cole plots of the data 23 on the SFB7 display immediately after data collection. Minimal scattering of data points and the presence of a well-fitted Cole plot indicated a valid measurement. Recording of impedance was continued until a valid set of measurements was obtained. The degree of infant movement during the measurement was recorded. 24 
Anthropometric measurements
Anthropometric measurements were recorded in duplicate by two neonatal research nurses. 25 Infants were weighed, to the nearest 5 g, naked on calibrated electronic scales. Length was measured using a recumbent length board with one person holding the infant's head in a vertical position with the crown of the head touching the fixed headboard; a second person extended the legs and firmly placed the movable footboard against the infant's heels and measured to the nearest 0.1 cm. Head circumference was measured using a non-stretch tape measure placed around the head above the supraorbital ridges at the most prominent part of the frontal bulge anteriorly and over the part of the occiput that had the maximum circumference and measured to the nearest 0.1 cm. A third measurement was taken if the length or head circumference differed by 40.5 cm and weight by 450 g.
Analytical methods
Bromide concentrations were measured using a high-performance liquid chromatographic method 26 and D 2 O concentrations in plasma samples using a Fourier transform infrared spectrophotometric method. 21, 27 Analytical precision was better than 2% in both cases. 21 TBW was calculated from the quantity of deuterium administered and the measured increase in tracer concentration at 3 h compared with baseline plasma concentration as described previously: 21 where 0.934 is the fraction of water in neonate plasma; 28 0.95 is the Donnan equilibrium factor for bromide and 0.90 is the fraction of bromide dose that is retained and assumed to remain extracellular.
TBW

BIS data analysis
Using a simplified model of the electrical properties of tissues, 23 the path of current flow and hence the impedance of the tissues is strongly dependent on the frequency of the applied current. At low frequencies, ideally 0 kHz, the current is not able to penetrate the cell membrane and is only conducted through the ECW. As the frequency increases, current is able to pass through cell membranes until at infinite frequency the current is passing through both the ECW and ICW, and hence the measured impedance is that of TBW. The measured data were fitted to this Cole model using nonlinear curve fitting to plot reactance versus resistance at each frequency and obtain a semicircular Cole plot extrapolated to zero and infinite frequencies 21 using a software supplied by the manufacturer (Bioimp v4.12.0.0; ImpediMed). Goodness-of-fit of data were assessed by the s.e. of the estimate as described previously. 29 The extrapolated values of resistance at zero frequency (R 0 ) and at infinite frequency (R N ) were used as predictors of ECW and TBW, respectively, in the Hanai mixture theory equations. The theoretical basis and derivation of the Hanai mixture theory have been well described elsewhere and is beyond the scope of this report. 11, 12, 14, 19 Briefly, ECW is predicted from
where rECW is the apparent resistivity (Ocm) of the ECW, W is body weight (kg), L is body length (cm), D is body density (g/l), R 0 is the resistance (O) at zero frequency and Kb is a proportion factor to account for the different cylindrical geometries of the arm, trunk and leg when making whole-body wrist to ankle impedance measurements. Kb was calculated according to previously published methods 14 using a software provided by the manufacturer and literature values for body proportions for infants of similar age. [30] [31] [32] [33] [34] Kb values varied from 3.72 to 3.85 with a mean value of 3.78 ± 0.04, and did not differ between sexes. This mean value was used in all calculations.
Age-appropriate body density values were taken from reference data of Fomon et al. 35 Body densities varied from 1.063 to 1.065 with a mean value of 1.064 ± 0.001 g/l, and did not differ between sexes. This mean value was used in all calculations.
ICW volume is predicted using Equation 4:
where rTBW is given by
and rECW ¼ apparent ECW resistivity (Ocm), rTBW ¼ apparent TBW resistivity (Ocm), rICW ¼ apparent ICW resistivity (Ocm) and R N ¼ resistance (O) at infinite frequency. Sex-specific resistivity coefficients (rECW and rICW) were calculated from participant's length, weight, Kb, R 0 , R N , TBW (determined from D 2 O dilution) and ECW (determined from NaBr dilution) using the resistivity calculator module in Bioimp (v4.12.0.0; ImpediMed) appropriate for the SFB7.
Statistical analyses
Data are presented as mean ± s.d. Group differences in characteristics between sexes were assessed using group t-tests, and by two-factor (sex and group) analysis of variance for the cross-validation cohorts. To assess the predictive performance of BIS using the new resistivity coefficients, a split-sample approach was used. 36 The total study population was randomly divided into one-third (validation) and two-third (prediction) groups. Resistivity coefficients were determined using the data for the prediction group and used to predict body water compartments in the validation group. Agreement between the predicted values and those determined by the reference dilution methods was assessed by Pearson's and concordance correlations 37 and by limits of agreement analysis 38 as used previously. 39 The significance of differences between measured and predicted water volumes in the validation cohort was assessed using paired t-test.
RESULTS
Participant characteristics
After receiving written parental consent, 99 preterm infants o37 weeks were recruited from the neonatal units of the Women's and Children's Hospital (n ¼ 61) and Flinders Medical Centre (n ¼ 38). Complete data were available on 91 infants (Table 1) ; four infants were excluded because of vomiting during the equilibration period and four provided insufficient blood for analyses. Participating infants were a mean of 32 completed weeks gestation at birth and 3 weeks postnatal age at the time of the study. Body water compartments TBW and ECW derived from the dilution studies are presented in Table 1 . There were no significant differences in participant characteristics between the prediction and validation cohorts ( Table 2) .
Cross-validation between predicted and measured body water volumes
The resistivity values (r) for ECW and ICW are shown in Table 3 . There were no significant differences in the mean resistivity coefficients between the male and the female infants or between the prediction and validation cohorts within each sex. The apparent resistivity of the ICW was significantly greater (Po0.001) than that of the ECW. A high degree of variability between individual infants in resistivity coefficients (up to ± 30% s.d.) was observed.
Mean predicted TBW and ECW volumes were both slightly larger than the measured volumes, 10 and 40 ml, respectively ( Table 4 ). The differences between the measured and predicted values were not, however, significant. BIS-predicted TBW correlated well with the measured TBW (Pearson's r p ¼ 0.825, Table 4 , Figure 1 ). The smaller concordance correlation coefficient (concordance r c ¼ 0.742, Table 4) indicated that the relationship between measured and predicted water volumes differed significantly (Po0.001) from the line of identity. The limits of agreement analysis indicated a bias of 10 ml but with large limits of agreement (± 650 ml); underestimating at larger TBW and overestimating at smaller TBW (Figure 2) .
Predicted ECW volumes were also well correlated (r p ¼ 0.75) with the measured volumes ( Figure 3, Table 4 ), but again the relationship differed from the line of identity (r c ¼ 0.743). The limits of agreement analysis indicated a bias of 40 ml, with relatively large limits of agreement of ± 360 ml (Table 4, Figure 4) .
DISCUSSION
This is the first study to determine resistivity coefficients for use in infants, especifically those born preterm. The apparent resistivity coefficients used in prediction of body water volumes are a measure of the actual resistivities of the body water compartments. [40] [41] [42] Resistivity is primarily a function of the concentration of ionic species dissolved in the body fluids. As body ion status is tightly and homeostatically controlled, it might be expected that resistivity does not vary greatly between individuals. The data presented here indicate, however, that there is substantial interindividual variation in apparent resistivities. This is perhaps not entirely surprising, as it has been demonstrated in animal studies that resistivity is exquisitely sensitive to changes in ionic status. 43 This observation indicates that for the most accurate prediction of body water volumes using BIS population-specific resistivity coefficients are required. Ellis and Wong 17 and Ellis et al.
18
found it necessary to derive specific coefficients in order to measure body water in children accurately.
There have been few studies determining apparent resistivity coefficients. Comparison of data between studies is also made 45 reported that rECW values were 309.9 and 316.1 Ocm and rECW values were 1018.0 and 1023.5 Ocm for men and women, respectively, and noted that the magnitude of these coefficients varied depending upon whether TBW was determined by deuterium dilution or dual-energy X-ray absorptiometry. Both of these sets of coefficients are markedly different from those found in the present study in preterm infants.
The reasons for the variation in apparent coefficients between populations reflect not only biological variation in the composition of body fluids that give rise to the resistance of these fluids but also to the method of their derivation. The coefficients are empirically derived from the simultaneous measurement of body water volumes and impedance measurements. Thus, the magnitude of the coefficients includes the variability inherent in the determination of fluid volumes. For the reference techniques used here, it is estimated that these approximate 2% error. 46 It is also recognised that body geometry affects the calculation of apparent resistivity, as whole-body impedance is measured from the wrist to the ankle. This arrangement measures the impedance of three linked body regions, arm, torso and leg, equivalent to three cylinders of different geometric proportions. The underlying model of impedance analysis is, however, based upon a simple cylinder. Hence, in order to account for the variable geometry of wholebody impedance measurements, a body proportion factor, Kb, is incorporated into the predictive algorithms (Equation 3). The Kb factor generally used in BIS in adults is 4.3, although it is recognised that in order to obtain the most accurate prediction of body water in some subjects, for example the obese, this needs to be modified. 46, 47 In the present study, anthropometric data from the literature were used to estimate the appropriate Kb factor for the infants.
The use of resistivity coefficients and Kb values specific for infants provided, at the population level, good predictive power for both TBW and ECW. The mean biases were 10 and 40 ml, respectively. These represent errors of 0.56 and 3.96% only. However, the magnitude of the limits of agreement are much larger, approximately ± 35%. These are too large to be useful in a clinical setting. The precision of BIS measurements is high, but clearly the accuracy at an individual level is poor. This suggests that BIS may, however, be useful for the measurement of change in body water volumes over time, where precision of measurement is more important than absolute accuracy. In addition, the relatively small bias means that BIS may be useful for measurements within a population or for comparisons between groups where population means rather than individual values are compared. These observations are in accord with those of Lingwood et al. 39 who found that impedance analysis for predicting FFM in infants o3 months of age using empirically derived equations offered no advantage over the use of simple anthropometric measurements. In older infants, the inclusion of impedance measurements in prediction algorithms provided some, albeit small, advantage over predictions based on anthropometric measurements. It should be noted that the conversion of TBW to FFM to assess body composition potentially introduces further error due to variability in the hydration of the FFM.
The reasons for the poor predictive performance of BIS in infants, even when parameters are optimised for this population, are unclear. In part, it should be acknowledged that BIS is an indirect technique of measurement that includes a number of variables, all of which have associated error that will propagate through to the final predicted value. These include errors associated with the reference techniques, body proportions, body density, body weight and length and resistivity coefficients. Ward et al. 19 in a modelling study demonstrated that variation in any one of these parameters, notably resistivity, has a significant impact upon predictive performance. Given the compounding error associated with the equations used in BIS, there may be value in using raw values for research purposes. R 0 is directly and inversely proportional to ECW, and R N is directly and inversely proportional to TBW. These measured values are not confounded by error and may be a more useful use of BIS in research situations. 48 Biological factors also have an important role particularly in preterm infants. Preterm infants are in a rapidly changing physiological state. Body water content as a proportion of body weight is much higher than that observed in adults, is highly variable and a much higher proportion is present as ECW than in adults. 49 Body water volumes and the relative proportions of ECW to ICW are rapidly changing, and this will have an impact on the prediction of water volumes by BIS through Equations 3-5. Most of this water is present in the torso, yet wrist to ankle BIS measurements are relatively insensitive to water in this region, as the measured impedance is dominated by that of the arm and the leg. 50 Shifts in water between these body regions will have an impact on the measurement and prediction of body water from whole-body impedance measurements. To overcome this confounder, segmental impedance measurements may be undertaken, although the added predictive power is small 50 and the physical size of an infant renders this approach in such individuals problematic.
In conclusion, resistivity coefficients have been derived for the estimation of TBW and ECW using bioimpedance spectroscopy in preterm infants. Estimation of TBW and ECW using these coefficients had a small bias but large limits of agreement, suggesting that although the coefficients do not provide any advantage for the estimation of TBW or ECW in individuals, they may be useful to detect trends where serial measurements can be obtained, or for detecting differences between populations.
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